Introduction {#S1}
============

Minichromosome maintenance protein (Mcm) deficiency or hypomorphic function in mice has been shown to result in high rates of cancer where the specific cancer type shows a strong dependence on the genetic background on which the deficiency occurs ([@R33]; [@R28]; [@R19]; [@R8]). Mcm deficiency has been linked to increased rates of genetic damage in several studies. The Mcm4^Chaos3^ mutation was identified on the basis of a chromosomal instability phenotype ([@R33]). Further, abnormal karyotypes and elevated levels of chromosome breaks occur in cultured cells in which Mcm expression has been suppressed ([@R14]; [@R14]; [@R26]) and elevated rates of LOH are observed in clonal neural stem cells derived from Mcm2 deficient mice ([@R19]).

Mcm proteins are a family of replication licensing proteins where Mcm's 2--7 form a hexameric complex that is recruited to the chromatin early in the G1-phase of the cell cycle. The complex is thought to function, during the subsequent S-phase, as the replicative helicase. This function is important in both the initial unwinding of DNA at origins of replication and for fork extension (e.g. [@R4]). However, in cells in culture reduced Mcm concentration does not affect the rate of fork elongation but does influence the ability of cells to initiate replication at dormant (lower efficiency) origins following treatment with agents that induce fork stalling ([@R14]; [@R14]; [@R19]). Hence, elevated levels of genetic damage in cells in culture and increased cancer rates in Mcm deficient mice may result from inefficient prereplicative complex assembly or origin usage.

In this study a strain of mice (Mcm2^IRES-CreERT2^, referred to as Mcm2^def^ in this report) in which Mcm2 is expressed at approximately one third of wild type levels ([@R28]) is used to define the sites of genetic damage in the tumors that arise in these mice by aCGH.

Results {#S2}
=======

aCGH analysis of thymic tumors arising in Mcm2 deficient mice {#S3}
-------------------------------------------------------------

Mcm2^def^ mice develop thymic tumors with 100% penetrance when carried on a 129/Sv genetic background ([@R28]; [@R19]). The disease is frequently disseminated affecting multiple lymph nodes, the spleen and other organs. That the tumors arising in these mice are from the T-cell lineage was confirmed by staining for CD3 (T-cell) and B220 (B-cell) markers ([Supplemental Figure 1](#SD1){ref-type="supplementary-material"}). The majority of cells present in these tumors and at disseminated sites (not shown) are CD3 positive and B220 negative consistent with T-lymphoblastic lymphoma.

Nimblegen 720K whole-genome tiling arrays were used to characterize copy number changes across the genome in 8 tumors arising in homozygous Mcm2^def^ mice on 129/Sv (6) or 129/Sv;C57Bl/6 F1 (2) genetic backgrounds. Additionally, DNA from paired non-tumorous tissue (tail) was examined for mice from which three of the tumors on the 129/Sv genetic background were derived. All 129/Sv derived samples were assessed relative to the same reference DNA from a wt 129/Sv littermate and 129/Sv;C57Bl/6 samples were similarly assessed relative to DNA from a single wt litter mate from an F1 cross of heterozygous Mcm2 deficient transgenic mice on the different strains. Analysis of non-tumorous tissue identified two short regions of copy number loss in a subset of mice (within the wdr5 and nlgn1 genes). The Mcm2 deficiency transgene is carried on the 129/Sv and other backgrounds as heterozygotes and it is unclear if the transgene contributes to heterogeneity within the strains. Nonetheless the large majority of CNVs seen in tumors were not found in non-tumorous tissue suggesting that they were somatically derived. A summary of all haploid and diploid copy number variations (CNVs) for each tumor are shown mapped to individual chromosomes in [Supplemental Figure 2](#SD1){ref-type="supplementary-material"}. Higher resolution data for two regions, the Pten gene on chr 19 and the notch1 gene on chr2, are shown in [Figure 1](#F1){ref-type="fig"}.

There are several general features of the CNVs occurring in these tumors that differ from those observed in prior studies in which CNVs were characterized from tumors arising in genetically engineered mice carrying other tumor promoting mutations (e.g. [@R22]; [@R10]). First, the number of genetic changes resulting in deletions (avg. 20.6 per tumor) far exceeds those resulting in amplifications (avg. 2.2 per tumor); whereas in prior studies CNVs are typically distributed evenly between deletions and amplifications. Second, the intervals covered by the deletions found here are substantially smaller than those observed in prior studies in which the average size ranged between several and tens of Mb's. In contrast, the average deletion in thymic lymphomas arising on Mcm2 deficient mice is \~464 kb. Finally, there is a high degree of overlap between the CNVs occurring in different specific tumors. These features of the genomic changes occurring in tumors arising in Mcm2 deficient mice allow identification of genetic lesions contributing to tumorigenesis at high resolution using a minimal number of animals.

From the eight tumors analyzed, 21 minimal common deleted regions (MCDR) averaging 68.5 kb and 5 minimal common amplified regions (MCAR) averaging 0.40 Mb were identified ([Figure 2](#F2){ref-type="fig"}). \[MCRs were also identified in the TCR-α (Chr14), TCR-β (Chr6), and TCR-γ (Chr13) genes as is expected due to normal biological function and these MCRs are not included in the totals).\] The size of the common regions is sufficiently small that in 12 of 21 MCDRs, and 4 of 5 MCARs, a single gene could be localized to the common intervals. Further, the pattern of deletions over 5 of the remaining MCDRs is consistent with the presence of two genes within the interval that contribute independently to selection for tumorigenic growth and, in these cases, 9 specific genes can be uniquely localized. Only 6 MCDRs of 21 contain more than a single candidate gene where one of these intervals includes only *Cdkn2a* and *Cdkn2b*. In total, 25 specific genes in unique-gene MCRs and 27 candidate genes distributed over 6 multi-gene MCRs were identified. These 52 genes were assessed for involvement in human cancers using the Catalogue of Somatic Mutations in Cancer (cosmic) and 70% of the MCRs, and 50% of the total genes, were shown to have previously identified mutations in human cancers. These observations provide insight into both the mechanism by which Mcm2 deficiency induces genetic damage and the genes and pathways contributing to T-lymphoblastic lymphomas.

Confirmation of deletions by sequencing fusion junctions {#S4}
--------------------------------------------------------

To confirm that chromosomal deletions identified by aCGH are present in tumors, oligonucleotide primers spanning predicted deleted regions from the notch1 and Pten loci were used to generate amplicons containing breakpoint junctions from tumor DNAs by PCR. In the case of notch1, amplicons containing junction fragments were obtained and sequenced for 3 tumors. The location of 5' and 3' junctions for the deletions identified in each of these tumors is shown on a map of the notch1 gene in [Figure 3](#F3){ref-type="fig"}, panel A. Tumors 7302 and 7702 each carry deletions resulting in in-frame fusions between exons 2 and 28. The predicted proteins resulting from these fusions carry a truncated and likely non-functional EGF-like domain fused to a near complete notch1 intracellular domain (ICN1) and are likely to result in constitutively activate notch signaling. The deletion in tumor 8002 occurs between a location within exon 4 and 5' to exon 28 resulting in a prematurely truncated reading frame. Translation initiating at the normal start site would encode a polypeptide consisting of only EGF-like domains. However, prior studies have demonstrated the presence of a cryptic promoter within exon 29 ([@R15]) and transcripts initiating at this promoter are predicted to initiate translation at methionine 1796, which would again result in an activated notch1 intracellular domain. The locations at which notch1 deletions occur in tumors arising on Mcm2 deficient mice are not consistent with the illegitimate V(D)J recombination events (as indicated in [Figure 3](#F3){ref-type="fig"}, panel A) that are frequently observed in other mouse models of T-ALL.

Junctions resulting from Pten deletions were also defined for several tumors ([Figure 3](#F3){ref-type="fig"}, panel B). In each of these cases, the deletions are expected to result in loss of Pten function. Comparison of the sequences present at the 5' and 3' breakpoints of notch1 and Pten deletions is shown in [Figure 4](#F4){ref-type="fig"}. There is no evidence for micro-homologies between the 5' and 3' breakpoints. In one Pten deletion a 61nt non-templated insertion is present. On average the sequences flanking the breakpoints are \~57% AT in composition and homo-polymeric A or T runs are found in several of the sequences.

Genes and pathways implicated in T-LL's arising on Mcm2 deficient mice {#S5}
----------------------------------------------------------------------

The most frequently occurring CNVs are deletions on Chr19 that overlap the *Pten* gene. All of the tumors assessed contain a diploid deletion overlapping *Pten* and the MCDR defined by these CNVs includes only this gene ([Figure 1](#F1){ref-type="fig"}, panel A). Pten is a plasma-membrane lipid phosphatase that antagonizes the PI3K (phosphoinositide 3 kinase)-AKT pathway (reviewed in [@R7]). Despite the bi-allelic loss of the *Pten* gene in all of the tumors assessed, subsets of tumors exhibit additional mutations in a large number of genes that either modulate PI3K activity or are PI3K targets. These include bi-allellic deletion of the PI3K inhibitors *Inppl1* and *Pitpnc1(Ship2)* and the amplification of the PI3K target *Vav1* ([Figure 5](#F5){ref-type="fig"}).

A second frequent set of mutations affects *Tcfe2a* that encodes the E-box binding proteins E12 and E47. Seven of the eight tumor samples exhibit bi-allelic loss of *Tcfe2a* and the eighth (7802) shows loss of one allele. E2A activity is known to modulate the cell cycle during lymphoid cell maturation where *Cdkn1a* (p21cip1) is a key target ([@R37]). Two tumors, including 7802, exhibit bi-allelic loss of *Cdkna1* and this loss may complement the mono-allelic loss of E2A in this tumor ([Figure 5](#F5){ref-type="fig"}).

*Mbd3* is closely linked to *Tcfe2a* on Chr10 and many of the same deletion events that result in loss of *Mbd3* also affect *Tcfe2a*. Nonetheless, in the case of tumor 7802, which shows only mono-allelic loss of *Tcfe2a*, bi-allelic loss of *Mbd3* has occurred. This observation suggests that loss of *Mbd3* can, independently, provide a selective advantage in T-LLs. Consistent with this interpretation, both tumor 7002 and tumor 8102, in which bi-allelic loss of *Tcfe2a* and mono-allelic loss of *Mbd3* is observed, show loss of additional genes related to Mbd3 function. Mbd3 is a component of the Mi2-NuRD complex which functions in chromatin remodeling through histone-deacetylase activity. Mi2-NuRD has been shown to play a role both in maintaining hematopoietic stem cell pools and in normal lineage progression ([@R29]). In addition to Mbd proteins and histone deacetylases, the Mi2-NuRD complex is comprised of a number of additional proteins including Gatad2a (p66 alpha; [@R6]). In lymphocytes, the zinc finger DNA-binding factors Ikaros (Ikzf1), Aiolos (Ikzf3) and/or Helios (Ikzf2) are also associated with the complex and may function to impart DNA sequence specificity to Mi-2/NuRD complexes ([@R29]). Tumor 7002 shows bi-allelic loss of *Gatad2a*, which is specific to this tumor ([Figure 5](#F5){ref-type="fig"}). Similarly, tumor 8102 shows bi-allelic loss of *Ikzf1*, which again is specific to this tumor. Dnmt3a has also been reported to associate with the Mi-2/NuRD complex and tumor 8102 shows bi-allelic loss of this gene as well. Despite the bi-allelic loss of *Mbd3* function, *Dnmt3a* is also lost in tumor 7702 and *Ikzf3* is lost in tumor 7602, demonstrating redundancy in targeting of this pathway similar to the situation for PI3K signaling.

A third gene that undergoes bi-allelic loss in at least seven of the eight tumors analyzed is the histone H3-Lys^4^ methyltransferase *Setd1b*. Mono-allelic loss of this gene is also found in the remaining tumor (7602). Additional related family members include Setd1a, MLL and the interacting protein Wdr5. CNVs in these genes are found in a subset of the tumors in which *Setd1b* is also lost. Setd1 complexes are localized to euchromatic regions of the genome, but different Setd1 family members are localized to non-overlapping domains suggesting that their functions are non-redundant. An additional cluster of mutations that may affect processes related to the Setd1 complex mutants occurs in components of the BAF and NURF complexes that link histone methylation to chromatin remodeling. Brpf3 function is compromised in each of the five tumors that fail to show an alteration in *Wdr5* (which as discussed above may be compromised in the germ line of a subset of the mice in this line). Additional chromatin remodeling complex components (Smard2, Myst1, Mllt1, and Bptf) are also compromised in smaller subsets of tumors ([Figure 5](#F5){ref-type="fig"}).

Bi-allelic deletions in *Rnf40 (Bre1)* that are also likely to affect chromatin structure and gene activity are found in 5 of the 8 tumors ([Figure 5](#F5){ref-type="fig"}). Rnf40 is recruited to active genes and is the E3 ligase for H2B ubiquitylation ([@R17]). H2B ubiquitylation has been shown to directly stimulate both hDOT1L-mediated H3K79 methylation and hSET1 complex-mediated H3K4 di- and tri-methylation and may play a role in maintaining an open chromatin configuration in active genes following RNA polymerase passage.

The notch signaling pathway is well established to contribute to T-cell lymphomas and activated forms of notch 1 are found in more than 50% of human tumors. CNVs are found in *notch 1* in four of the eight thymic lymphomas assayed here ([Figure 3](#F3){ref-type="fig"}, Panel B, and [Figure 5](#F5){ref-type="fig"}). As discussed above, in each of 3 cases confirmed by sequencing an internal deletion consistent with the generation of activating notch mutations has occurred. In three of the four remaining tumors which do not carry a CNV in *notch 1*, amplification of *cyclin G-associated kinase (Gak)* occurs ([Figure 5](#F5){ref-type="fig"}). *Gak* is an auxilin related gene that has been shown to enhance notch signaling in zebrafish ([@R3]) and may play a role is elevating notch signaling in tumors in the present study. *Cdkn1a* is repressed by notch and this repression has been shown to mediate much of the effect of notch on the cell cycle. Tumor 7802, in which both *notch* and *Gak* genes are unaffected, carries a bi-alleleic deletion of *Cdkn1a*.

Several additional recurrent CNVs that are not shown in [Figure 5](#F5){ref-type="fig"} have also been identified and are provided in [Supplementary Figure 3](#SD1){ref-type="supplementary-material"}. These include the gene encoding the centromere associated protein Cenp-o, on Chr12, the cGMP activated phosphodiesterase *Pde2a* on Chr7, *Wasf2* (*Wave2*) on Chr4 that mediates signals from tyrosine kinase receptors and small GTPases to the actin cytoskeleton, *septin 9*, which plays a role in filament assembly and potentially affects multiple cellular processes including cell division and chromosome segregation, and *reticulon 4 like receptor* which is known to function in the nervous system but is also expressed in the thymus. Two additional transcription factors, *Zfand3* on Chr17 and *Rfxdc2* (*Rfx7*) on Chr9, are also identified by recurrent bi-allelic deletions. Zfand3 is a zinc-finger protein containing a poly-ubiquitin binding domain and has been implicated in cellular differentiation of ES cells ([@R25]). Rfxdc2 is a ubiquitously expressed winged-helix class transcription factor of unknown function ([@R2]). Finally, recurrent diploid deletions occur in regions of Chr12 (108,379,999-108,459,999) and ChrX (132,813,333-132,946,667) and include locations where there are no known genes but at which predicted genes are located.

Comparison of CNVs in T-LLs arising in Mcm2 deficient mice with CNVs in human T-ALLs {#S6}
------------------------------------------------------------------------------------

To examine the relationship between the CNVs occurring in T-LLs of Mcm2 deficient mice with those found in prior studies of human T-ALLs, the locations of MCRs for recurrent CNVs from three prior studies ([@R18]; [@R24]; [@R31]) in which CNVs were examined for either 7, 50 or 73 human (largely childhood) T-ALLs were compared to the locations of genes identified by MCRs of recurrent CNVs in mouse tumors ([Table I](#T1){ref-type="table"}). As in the mouse tumors studied here, deletions affecting the locus encoding Cdkn2a and Cdkn2b genes and the Pten gene are identified in human T-ALLs. Comparison of the mouse and human data sets has also identified locations on human Chr19 p13.3 and Chr19p13.2 that contain amplifications near to the location of genes that are also affected in mouse tumors. This region of the human genome is syntenic with four chromosomal locations in the mouse from Chr10, Chr17, Chr9 and Chr8 two of which show CNV in the present study ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}). The syntenic region of mouse Chr17 includes the region between Mtl1 and Vav1 and shows recurrent amplification in the mouse tumors. The syntenic region of mouse Chr10 spans the region from Mbd3-Sirt6 and includes the Tcf-e2a gene. As discussed above, Mbd3 and Tcf-e2a are sites of highly recurrent deletions in the mouse tumors. Whether amplification of the Mbd3 or Tcf-e2a genes in human cells compromises their functions is at present unclear. Additionally, the region of human Chr19 that is syntenic to mouse Chr9 contains a series of MBD3 related genes, MBD3L2--5. Two related family members, Mbd3l1 and Mbd3l2, are found on Chr9 in the mouse but are not affected by CNVs in mouse tumors. Whether the amplifications observed in humans affects the MBD3L2--5 genes to compromise the same pathway as Mbd3 deletion in the mouse is at present unclear but may be important to investigate in additional studies. Further, these observations illustrate the potential effects that the different organizations of the mouse and human genomes may have on the types of genomic alterations that are necessary to result in tumorigenesis even though similar pathways may be affected.

One feature that is apparent from data on human tumors is that, with the exception of the CNVs affecting the CDKN2A and CDKN2B genes, even recurrent CNVs in human tumors affect only a small subset, less than 10%, of tumors ([@R24]; [@R18]; [@R31]). Since only 8 mouse tumors were assessed in the present study, diploid deletion in even one tumor represents a rate of occurrence of 12.5%, higher than most of the recurrent CNVs identified in human T-ALLs. If these cases are also considered, genes affected in mouse tumors that are also present at sites of CNV in the human data sets include Ikzf1(human chr 7p12.2) and Mll1 (human chr 11q23.3).

Non-recurrent haploid deletions are shorter than average {#S7}
--------------------------------------------------------

A subset of CNVs found in the mouse tumors described here was non-recurrent and exhibited an average log~2~ ratio consistent with deletion of one chromosomal copy (\<0.4). A few of these events occurred in genes that could be related to pathways implicated in tumorigenesis (e.g. Nedd4) and these were removed from further consideration. A total of 13 non-recurrent, haploid, deletion events that occurred in regions that either contain no known gene or contained a gene(s) unlikely to be related to tumorigenesis were identified and are considered to represent passenger mutations. Since passenger mutations occur in cells prior to selection for genes driving tumorigenesis, this subset of CNVs may most closely reflect the effects of Mcm2 deficiency on genome stability. A comparison of the size distribution of the putative passenger mutations (panel B) with those of all deletions or amplifications (panel A) is shown in [Figure 6](#F6){ref-type="fig"}. This comparison shows that the subset of deletions identified as passenger mutations is even shorter than the average of all deletions (average size 145 kbp compared to 464 kbp).

Discussion {#S8}
==========

Several studies have demonstrated that reduced Mcm concentrations result in elevated genetic damage ([@R33]; [@R28]; [@R11]; [@R14]; [@R26]; [@R19]). The present study extends this observation by showing that the genetic damage accruing in tumors arising in Mcm2 deficient mice exhibits an unusual pattern of chromosomal damage in which the majority of chromosomal aberrations are deletions and in which the average size of the deletions is substantially shorter than those observed in other mouse cancer models including those that develop a high proportion of T-LLs (e.g. [@R22]).

One mechanism that could account for both the increased genomic instability and the accumulation of shorter deletion intervals in Mcm2^def^ mice is if deletions are frequently a consequence of recombination between two, nearby, stalled replication forks. Specifically, under conditions of Mcm deficiency both the frequency of initiation at primary origins is expected to be reduced, increasing the likelihood of replication fork stalling, and the ability to overcome double stalled replication forks by reinitiation at an otherwise dormant origin is compromised, potentially resulting in fork collapse ([@R5]). Replication of different regions of the genome is segmented during S-phase such that active replication origins are clustered and replicated together within replication factories that consist of between 4 and 20 replication forks (i.e. 2 -- 10 origins where the average distance between origins is on the order of 50--100 kb). Dormant origin function is tightly linked to this organization through the DNA damage checkpoint kinases ATR and Chk1 ([@R12]; [@R5]). ATR and Chk1 inhibit the activation of new replication factories but allow dormant origins to fire within already active factories. One consequence of this organization is to focus dormant origin firing to active factories where rescue of stalled replication forks is required. Additionally, partitioning replication into relatively short domains that are physically and temporally discrete minimizes the possibility of interaction between two locations at which replication fork stalling has occurred, reducing the likelihood of recombination. It has been observed that there is a critical minimum threshold of between \~35 and 50% reduction in Mcm concentration at which phenotypic effects including cancer incidence are greatly accelerated ([@R8]). The sizes of the deletions observed in tumors of Mcm2 deficient mice, where Mcm2 is expressed at a level just below this threshold, are consistent with recombination events within single replication factories and support the possibility that the threshold at which phenotypic effects of Mcm reduction are observed is a consequence of breaching this physical separation ([Figure 7](#F7){ref-type="fig"}).

Analysis of the sequences present at deletion junctions in the notch 1 gene demonstrated that, unlike several other mouse transgenic lines that exhibit T-LL tumors, activating mutations do not result from illegitimate V(D)J recombination. Rather, the notch1 3' deletion junctions fall within an approximately 200 nt long region of the notch1 gene between exons 27 and 28 that is AT rich and contains homo-polymeric runs of T and A and other short repeating sequences. Sequences present at breakpoints for three deletions in the Pten gene have similar properties. In addition, a short non-templated insertion is present at one junction. These properties are similar to those observed for sequences present at interstitial deletions in human tumors ([@R1]).

The remarkably short deletion intervals occurring in T-LLs arising on Mcm2 deficient mice provide a high level of resolution in defining specific genes that contribute to this disease. The genes and pathways identified as contributing to T-LLs in Mcm2 deficient mice share several similarities to those known to contribute to T-cell lymphomas in humans. Activating mutations in *notch1* have been found in more than half of human T-cell lymphomas ([@R35]) similar to the tumors arising in Mcm2^def^ mice. Direct *Pten* mutations occur in more than 20% of human T-cell lymphomas, whereas hyper-activation of PI3K signaling occurs in more than 85% of cases ([@R27]) and CNVs in genes affecting the PI3K signaling pathway are frequently observed in human T-ALLs ([@R31]). Finally, deletions affecting the locus encoding Cdkn2a and Cdkn2b genes are the most highly recurrent CNVs in human T-ALLs ([@R36]) and 25% of the Mcm2 deficient mouse tumors are similarly affected.

However, many of the recurrent mutations found in Mcm2 deficient thymic tumors have not been associated with human T-ALLs. Nonetheless, mutations in a number of these genes have been found in other human hematological, and non-hematological, cancers. These include *Tcfe2a* ([@R20]), *Mll1* ([@R13]), *Mllt1* ([@R23]), *Mllt10* ([@R23]), *Ikzf1* ([@R9]), *Ikzf3* ([@R30]), *Bcl11b* ([@R10]), *Bcl7a* ([@R38]), *Sept9* ([@R32]), *Vav1* ([@R16]), DNMT3a ([@R21]) and *Asxl1* ([@R34]). The frequent mutation of known tumor suppressor genes in the tumors arising on Mcm2 deficient mice suggest that this data set is likely to contain additional novel tumor suppressor genes. The highly recurrent deletions in *Setd1b*, *Mbd3, Rnf40, and Brpf3*, all of which function in aspects of chromatin remodeling, implicate these genes in particular.

The strong tumorigenic effect of reduced Mcm concentrations in mice raises the issue of whether insufficient Mcm activity contributes to human lymphomas or human cancers generally. There is evidence from aCGH for the preferential loss of Mcm proteins 2, 6 and 7 ([Supplemental Table II](#SD1){ref-type="supplementary-material"}) in a modest subset of human tumors of various types whereas Mcm3 is preferentially amplified. The observation that Mcm3 copy number is increased is consistent with previous studies suggesting that this protein has a negative role in origin licensing. In vivo, reduced Mcm3 levels have been shown to partially rescue the cancer phenotype of mice carrying the Mcm4 mutant allele Chaos3 ([@R8]). Finally, CNVs in a subset of human T-ALLs have been observed on human Chr 7q22.1 near the location of the Mcm7 gene ([@R31]).

Ineffective origin licensing may contribute to genome instability even in the absence of direct Mcm mutation or copy number alteration. The levels of Mcm proteins present in quiescent human T-lymphocytes are substantially lower than in cycling cells ([@R26]). Further, it has been shown that human T-lymphocytes exiting from quiescence are particularly sensitive to siRNA mediated reduction in Mcm concentration and rapidly acquire genetic damage ([@R26]). The present studies support that this process is accelerated in the Mcm2 deficient mouse model.

Materials and Methods {#S9}
=====================

Mice {#S10}
----

The mice used in this study are the transgenic line Mcm2^IRES-CreERT2^ carried on a 129/Sv genetic background ([@R28]) and a congenic line in which the Mcm2^IRES-CreERT2^ transgene was crossed into a C57Bl/6 genetic background through 6 generations. In each case the transgene is carried in heterozygotes. Thymic tumors arising on Mcm2^IRES-CreERT2^ homozygous mice on the 129/Sv genetic background (6) or from the F1 generation of a cross between the 129 and C57Bl/6 congenic lines at between 2 and 4 months of age were resected and DNA was isolated for aCGH analysis using a Roche DNA Isolation Kit (11 814 770 001) as described by the manufacturer.

Array CGH {#S11}
---------

aCGH was performed on 720k Roche NimbleGen oligonucleotide arrays using DNAs isolated from the tumors described above and control DNAs derived from tails of mice of the same genetic backgrounds and from the same colonies as mice from which tumors were derived. Tumors 7002, 7302, 7402, 7602, 7902 and 8102 were derived from mice on a 129/Sv genetic background and tumors 7802 and 8002 were derived from F1 129/Sv;C57Bl/6 mice. Data were analyzed using NimbleScan v2.6 and Signal Map 1.9.0.05 software.

Sequencing tumor deletion junctions {#S12}
-----------------------------------

Amplicons bridging tumor deletion junctions as predicted by analysis of aCGH data were generated by PCR using Crimson LongAmp Taq DNA Polymerase (New England BioLabs) according to manufacturer's instructions, excised from 0.8% agarose gels, purified using the GeneJET Gel Extraction Kit (Fermentas) and sequenced.

Supplementary Material {#SM}
======================
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![aCGH for *Pten* and *notch 1* containing regions of Chr19 and Chr2. Array CGH signal tracks (log~2~ ratios) for each of eight tumors as indicated by the tumor number are shown for the *Pten* region of Chr19 (Panel A) and the *notch1* region of Chr2 (Panel B). In each case the positions of genes as defined by the UCSC genome browser gene track from the mm9 sequence build is aligned below the aCGH tracks. The shaded region in A denotes the location of *Pten* across all tracks and the shaded region in B denotes the location of exons 5--22 of *notch1* across all tracks.](nihms335987f1){#F1}

![Chart of minimal common region intervals and candidate genes. The minimum common intervals of CNVs determined by aCGH are shown where the tumors exhibiting the CNVs are marked. CNV within MCRs 6 and 11 (marked with asterisks) were also found in a paired non-tumorous tissue from the same animals and may result from genetic heterogeneity within the strain.](nihms335987f2){#F2}

![Locations of deletion breakpoints at notch1 and Pten loci defined by sequencing breakpoint junctions. Panel A shows the notch1 locus where exons of the uninterrupted gene are indicated in the top portion and colored to indicate the different domains of the protein that are encoded by each exon. Blue denotes the EGF-like repeats, red denotes the negative regulatory (NR) region, and green denotes the notch1 intracellular domain (ICN1). Sites at which rag mediated illegitimate recombination occur are shown as marked on the map. The regions spanned by deletions in tumors arising in Mcm2 deficient mice are also marked where the predicted domains encoded by the resulting transcripts are indicated. In the case of tumors 7702 and 7302 in frame fusions between exons 2 and 28 are expected to result in a protein missing the majority of the EGF repeats and the NR region but containing the ICN1 domain. In the case of tumor 8002, the deletion results in a predicted truncation of the protein encoded by transcripts initiating at the normal promoter which may enhance expression from a previously identified internal promoter in exon 29 and expression of the ICN1 domain from methionine 1796 as has been observed in a prior study ([@R15]). Panel B shows the locations of deletions defined by sequencing amplicons containing breakpoint junctions from the Pten locus. In this case individual exons are not marked.](nihms335987f3){#F3}

![Sequences flanking breakpoints for deletions at the notch1 and Pten loci. 50 nt of the normal 5' and 3' flanking sequence relative to the deletion breakpoints (downward arrows) are shown for 3 notch1 and 3 Pten deletions where both the 5' and 3' breakpoints are shown for each tumor as indicated. A and T residues are colored red. The sequence of a non-templated 61 nt insertion found at the Pten breakpoint from tumor 7702 is also given.](nihms335987f4){#F4}

![Abbreviated chart of pathways implicated by genes present in MCR deletions and amplifications and complementing non-recurrent CNVs. X, bi-allelic deletion; h, mono-allelic deletion; a, amplification; x\*, short internal deletions affecting exons 5--23 in *notch1* and intron 1 in *Wdr5*. In the case of *Wdr5,* the CNV was also present in paired non-tumorous tissue and may represent heterogeneity within the strain. A complete chart including chromosomal locations, gene function and additional MCRs that do not fall into the molecular pathways indicated here is included in [Supplemental Figures](#SD1){ref-type="supplementary-material"}.](nihms335987f5){#F5}

![Size distributions for different classes of CNVs. The frequency of CNVs of varying sizes is plotted for all deletions (blue) and amplifications (red) in panel A and for a subset of 13 non-recurrent deletions that did not contain genes related to any known oncogenic pathway and are considered to be passenger mutations in panel B.](nihms335987f6){#F6}

![Potential relationship between replicon organization and the genetic lesions produced on replication fork stalling. Replication factories are indicated by green circles, chromosomal DNA is indicated by the line running through the circles, active replicons are indicated by bubbles within the lines and sites of un-recovered stalled replication forks are indicated by the red X's. It is hypothesized that the frequency of stalled replication forks is increased by Mcm deficiency and that when the increase is sufficient that two or more stalled forks arise within a single replication factory there is an increase in the likelihood that recombination between stalled forks will occur (indicated by dashed white lines).](nihms335987f7){#F7}
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Comparison of MCRs between mouse and human T-LLs

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Chr                                    Start      End        Size      Genes in\    Gain/Lo\   Frequency\                    Position in\                     Ch\                   [@R31]                                             [@R24]                          [@R18]
                                                                         Interval     ss         in\                           Human Genome\                    Band                                                                                                     
                                                                                                 %(haploid\                    (hg17)                                                                                                                                    
                                                                                                 /diploid)                                                                                                                                                               
  -------------------------------------- ---------- ---------- --------- ------------ ---------- ----------------------------- -------------------------------- --------------------- -------------------------------------------------- ------------------------------- -------------------------
  chr4                                   1.33E+08   1.33E+08   0         Wasf2        Loss       25/25                         chr1:27,732,126-27,816,669       1p36.11                                                                                                  

  1.33E+08                               1.33E+08   5710       shp       Loss         37/37      chr1:27,237,976-27,240,567                                                                                                                                              

  chr12                                  4219999    4219999    0         Cenpo        Loss       50/50                         chr2:25,016,333-25,042,784       2p23.3                                                                                                   

  3859999                                3899999    40000      Dnmt3a    Loss         25/25      chr2:25,455,846-25,564,774                                                                                                                                              

  chr3[\*](#TFN1){ref-type="table-fn"}   25415559   25456523   40964     Nlgn1        Loss       50/50                         chr3:173,116,244-174,001,116     3q26.31                                                                                                  

  chr5                                   1.09E+08   1.09E+08   414882    Gak          Gain       37.5                          chr4:843,066-926,174             4p16.3                                                                                                   

  chr17                                  30287365   30181394   −105971   Zfand3       Loss       50/50                         chr6:37,787,307-38,122,397       6p21.2                                                                                                   

  30474260                               30579999   105739     Btbd9     Loss         25/25      chr6:38,136,228-38,607,924                                                                                                                                              

  chr17                                  28829446   29219999   390553    Mapk14\      Loss       50/50                         chr6:35,995,454-36,572,243       6p21.31                                                                                                  
                                                                         Mapk13\                                                                                                                                                                                         
                                                                         Brpf3\                                                                                                                                                                                          
                                                                         Pnpla1\                                                                                                                                                                                         
                                                                         4930539E\                                                                                                                                                                                       
                                                                         08Rik\                                                                                                                                                                                          
                                                                         Pxt1\                                                                                                                                                                                           
                                                                         Kctd20\                                                                                                                                                                                         
                                                                         Stk38\                                                                                                                                                                                          
                                                                         Sfrs3\                                                                                                                                                                                          
                                                                         AK144811                                                                                                                                                                                        

  chr4                                   88899999   89059999   160000    Cdkn2a;\     Loss       25/25                         chr9:21,967,752-22,009,312       9p21.3                9p21.3(Loss);45/72(63%)                            9p21.3(Loss); 36/50 (72%)       9p21.3(Loss); 5/7 (71%)
                                                                         Cdkn2b                                                                                                                                                                                          

  chr2[\*](#TFN1){ref-type="table-fn"}   27349578   27363138   13560     Wdr5         Loss       37.5/37.5                     chr9:137,001,210-137,025,093     9q34.2                                                                                                   

  chr2                                   26324605   26337808   13203     notch 1      Loss       50/0                          chr9:139,388,897-139,440,238     9q34.3                                                                                                   

  chr2                                   17972355   17988715   16360     Mllt10       Gain       25                            chr10:21,823,574-22,032,555      10p12.31                                                                                                 

  chr19                                  32819999   32859999   40000     Pten         Loss       100/100                       chr10:89,623,195-89,728,531      10q23.31              10q23.2-23.31;4(Loss)/72(6%)                       10q23.31(Loss); 3/50 (6%)       

  chr7                                   1.09E+08   1.09E+08   −80001    Pde2a        Loss       37.5/37.5                     chr11:72,287,186-72,385,494      11q13.4                                                                                                  

  chr5                                   1.24E+08   1.24E+08   15244     Setd1b       Loss       100/87.5                      chr12:122,242,630-122,270,561    12q24.31                                                                                                 

  chr12                                  1.09E+08   1.09E+08   40000     Bcl11b       Loss       37.5/37.5                     chr14:99,635,627-99,737,822      14q32.2                                                                                                  

  chr9                                   72339999   72419999   80000     Rfxdc2       Loss       37.5/37.5                     chr15:56,379,479-56,394,449      15q21.3                                                                                                  

  chr7                                   1.35E+08   1.35E+08   116874    Phkg2\       Loss       62.5/62.5                     chr16:30,759,737-30,786,536      16p11.2                                                                                                  
                                                                         Gm166\                                                                                                                                                                                          
                                                                         Rnf40                                                                                                                                                                                           

  chr11                                  75019999   75099999   80000     Rtn4rl1      Loss       37.5/37.5                     chr17:1,837,973-1,928,178        17p13.3                                                                  17p13.3-11.2(Loss); 2/50 (4%)   

  chr11                                  97779999   97859999   80000     Plxdc1       Loss       25/25                         chr17:37,219,556-37,307,902      17q12                                                                                                    

  chr11                                  98179999   98259999   80000     Neurod2\     Loss       25/25                         chr17:37,760,022-37,37,844,310   17q12                                                                                                    
                                                                         Ppp1r1b\                                                                                                                                                                                        
                                                                         Stard3\                                                                                                                                                                                         
                                                                         titin-cap\                                                                                                                                                                                      
                                                                         Pnmt\                                                                                                                                                                                           
                                                                         Perld1                                                                                                                                                                                          

  chr11                                  1.07E+08   1.07E+08   39999     Pecam1       Loss       25/25                         chr17:62,399,864-62,401,205      17q23.3-q24.2         17q23.3(Gain);4/73 (5%)                                                            

  1.07E+08                               1.07E+08   159999     Smurf2\   Loss         25/25      chr17:62,540,735-65,900,956                                                                                                                                             
                                                               Kpna2\                                                                                                                                                                                                    
                                                               Bptf                                                                                                                                                                                                      

  chr11                                  1.17E+08   1.17E+08   276592    Septin-9     **Loss**   25/25                         chr17:75,277,492-75,496,676      17q25.2-q25.3                                                                                            

  chr10                                  79899999   79939999   40000     Tcfe2a       Loss       87.5/100                      chr19:1,609,293-1,650,286        19p13.3 and 19p13.2   19p13.3(Gain);7/73 (10%) 19p13.2(Gain);4/73 (5%)                                   

                                                               Mbd3      Loss         100/75     chr19:1,527,678-1,543,652                                                                                                                                               

  chr17                                  55952968   57447177   1494209   Mllt1\       Gain       37.5                          chr19:6,210,393-6,,857,371                                                                                                                
                                                                         Chaf1a\                                                                                                                                                                                         
                                                                         Uhrf1\                                                                                                                                                                                          
                                                                         Dennd1c\                                                                                                                                                                                        
                                                                         vav 1                                                                                                                                                                                           

  chr2                                   1.53E+08   1.53E+08   9248      Asxl1        Gain       37.5                          chr20:30,946,153-31,027,121      20q11.21                                                                                                 

  chrX                                   1.66E+08   1.66E+08   60271     Mid1         Gain       37.5                          chrX:10,413,597-10,851,809       Xp22.2                                                                                                   
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Also present in a subset of non-tumorous control tissues.
